Coastal sand dunes are dynamic ecosystems with elevated levels of disturbance, and as such they 30 are highly susceptible to plant invasions. One such invasion that is of major concern to the Great 31
INTRODUCTION
of these invasive populations, we can better understand the impact the dune landscape and its 120 dynamic processes have on this plant invasion. 121 122 METHODS 123
Study area and sample collection 124
To determine the population structure of baby's breath on a regional scale in Michigan, we 125 collected leaf tissue from plants at 12 different sites in the summers of 2016-2017. All sites were 126 located in areas of known infestation along the dune system of Michigan (Figure 1 ), and the 127 majority have a history of treatment primarily by The Nature Conservancy, the Grand Traverse 128
Regional Land Conservancy, and the National Park Service (TNC 2013). Eleven sites were 129 located along Lake Michigan in the northwest lower peninsula of Michigan, and one was located 130 on Lake Superior in the upper peninsula. Seven of these sites are located within Sleeping Bear 131 Dunes National Lakeshore (hereafter Sleeping Bear Dunes or SBDNL), which contains one of 132 the largest infestations within the region. We collected leaf tissue samples (5-10 leaves per 133 individual) from a minimum of 20 individuals per site (maximum of 35), and stored them in 134 individual coin envelopes in silica gel until DNA extractions took place (total n = 313). Site 135 locations in Michigan (Supplemental A) were separated by a minimum of 10 km and a maximum 136 of 202 km. We subjectively chose individuals to be sampled by identifying a visibly infested 137 area, selecting individuals regardless of size, and walking a minimum of ca. 5 meters in any 138 direction before choosing another plant to minimize the chance of sampling closely related 139 individuals. We observed that the population distributions at the Petoskey State Park and Grand 140
Marais sites were smaller and patchier than the others (ca. 60 individuals total), so we conducted 141 sampling more opportunistically. This opportunistic sampling involved collecting tissue from 142 individuals that were less than 5 m apart, and in some areas sampling from all individuals (ca. 3 143 -4 individuals) within a small patch (ca. 5m x 5m). 144 145
Microsatellite genotyping 146
We extracted genomic DNA from all samples using DNeasy plant mini kits (QIAGEN, Hilden, 147 Germany) and followed supplier's instructions with minor modifications, including an extra 148 wash step with AW2 buffer. We then ran the extracted DNA twice through Zymo OneStep PCR 149
Inhibitor Removal Columns (Zymo, Irvine, CA) and quantified the concentrations on a 150
Nanodrop 2000 (Waltham, Massachusetts, USA). We included deionized water controls in each 151 extraction as a quality control for contamination. 152
We amplified samples at 14 polymorphic nuclear microsatellite loci (hereafter nSSRs) 153 that were developed specifically for G. paniculata using Illumina sequencing technology (Table  154 1) (Leimbach-Maus et al. 2018). We conducted polymerase chain reactions (PCR) using a 155 forward primer with a 5'-fluorescent labeled dye (6-FAM, VIC, NED, or PET) (Applied 156 Biosystems, Foster City, CA) and an unlabeled reverse primer. PCR reactions consisted of 1x 157 KCl buffer, 2.0-2.5 mM MgCl 2 depending on the locus (Table 1) , 300 µM dNTP, 0.08 mg/mL 158 BSA, 0.4 µM forward primer fluorescently labeled with either FAM, VIC, NED, or PET, 0.4 µM 159 reverse primer, 0.25 units of Taq polymerase, and a minimum of 50 ng DNA template, all in a 160 10.0 µL reaction volume. The thermal cycle profile consisted of denaturation at 94˚C for 5 161 minutes followed by 35 cycles of 94˚C for 1 minute, annealing at 62˚C for 1 min, extension at 162 72˚C for 1 min, and a final elongation step of 72˚C for 10 minutes. 163
Each sample was also amplified at 2 universal chloroplast microsatellite loci (hereafter 164 cpSSRs) previously developed for Nicotiana tabacum L. (Chung and Staub 2003 ) (ccssr4, 165 ccssr9) (Table 1) . PCR reactions were conducted using a forward primer with a 5'-fluorescent 166 labeled dye and an unlabeled reverse primer. PCR reactions for the cpSSRs are the same as 167 detailed above for the nuclear loci. The thermal cycler profile for cpSSRs is as follows: 168 denaturation at 94˚C for 5 minutes followed by 30 cycles of 94˚C for 1 minute, annealing at 52˚C 169 for 1 minute, extension at 72˚C for 1 minute, and a final elongation step of 72˚C for 8 minutes 170 (modified from Calistri et al. 2014) . 171
We determined successful amplification by visualizing the amplicons on a 2% agarose 172 gel stained with ethidium bromide. We multiplexed PCR amplicons according to dye color and 173 allele size range (Table 1) , added LIZ Genescan 500 size standard, denatured with Hi-Di 174
Formamide at 94˚C for four minutes, and then performed fragment analysis on an ABI3130xl 175 Genetic Analyzer (Applied Biosystems) following instrument protocols. We genotyped 176 individuals using the automatic binning procedure on Genemapper v5 (Applied Biosystems), and 177 constructed bins following the Genemapper default settings. To account for the risk of 178 genotyping error when relying on an automated allele-calling procedure, we visually verified that 179 all individuals at all loci were correctly binned to minimize errors caused by stuttering, low 180 for individuals with more than 20% missing loci and for loci with more than 10% missing 190 individuals (Gomes et al. 1999 , Archer et al. 2016 ). We found none, so all individuals and loci 191 remained for further analyses. In addition, we genotyped 95 individuals twice to ensure 192 consistent allele calls. For the nSSR dataset, we used Genepop 4.2 (Raymond and Rousset 1995, 193 Rousset 2008) to perform an exact test of Hardy-Weinberg Equilibrium (HWE) with 1,000 194 batches of 1,000 Markov Chain Monte Carlo iterations (Gomes et al. 1999 ). We also checked for 195 loci out of HWE in more than 60% of the populations; however, there were none. 196
nSSR genetic diversity 198
We calculated the total number of alleles per sampling location, private alleles, observed and 199 expected heterozygosity in GenAlEx 6.502 Smouse 2006, 2012) , and estimated the 200 inbreeding coefficient (F IS ) in Genepop 4.2 (Raymond and Rousset 1995, Rousset 2008) . We 201 used the package diverSity in the R statistical program to calculate the allelic richness at each 202 sampling location (Keenan et al. 2013) . 203 204 nSSR genetic structure 205
To test for genetic differentiation between all pairs of sampling locations, we calculated Weir 206 and Cockerham's (1984) pairwise F ST values for 9,999 permutations in GenAlEx 6.502 (Peakall 207 and Smouse 2006, 2012) . In the R statistical program, we corrected the p-values using a false 208 discovery rate (FDR) correction (Benjamini and Hochberg 1995) . To test how much of the 209 genetic variance can be explained by within and between population variation, we ran an 210 analysis of molecular variance (AMOVA) for 9,999 permutations in GenAlEx 6.502 (Peakall 211 and Smouse 2006, 2012) . 212
To examine the number of genetic clusters among our sampling locations, we used the 213 Bayesian clustering program STRUCTURE v2.3.2 . Individuals were 214 clustered assuming the admixture model both with and without a priori sampling locations for a 215 burn-in length of 100,000 before 1,000,000 repetitions of MCMC for 10 iterations at each value 216 of K (1 -16). The default settings were used for all other parameters. We identified the most 217 likely value of K using the Ln Pr(X|K) from the STRUCTURE output and the ∆K method from 218 Evanno et al. (2005) in CLUMPAK (Kopelman et al. 2015) . 219
To further explore the genetic structure of these populations, we ran a Principal 220
Coordinates Analysis (PCoA) in GenAlEx 6.50, where the analysis was based on an individual 221 pairwise genotypic distance matrix (Peakall et al. 1995, Smouse and Peakall 1999) . To find and 222 describe finer genetic structuring of the nSSR dataset, we performed a discriminant analysis of 223 principal components (DAPC) in the R package adegenet, which optimizes among-group 224 variance and minimizes within-group variance (Jombart 2008 , Jombart et al. 2010 . To identify 225 the number of clusters for the analysis, a Bayesian clustering algorithm was run for values of K 226 clusters (1 -16). We retained a K-value of 3 based on the resulting Bayesian Information 227
Criterion for each K-value and the results of the previously run PCoA that suggested 3 clusters 228 may exist within the nSSR data. DAPC can be beneficial, as it can limit the number of principal 229 components (PCs) used in the analysis. It has been shown that retaining too many PCs can lead 230 to over-fitting and instability in the membership probabilities returned by the method (Jombart et 231 al. 2010 ). Therefore, we performed the cross-validation function to identify the optimal number 232 of PCs to retain. Out of 69 total PCs, the cross-validation function suggested we retain 60 PCs 233 (Jombart et al. 2010 ). We ran the DAPC using the recommended 60 PCs, but also checked if the 234 general patterns remained with fewer PCs used by running the analysis with incrementally less 235 PCs (45 and 30 PCs). All general patterns of the data in the scatterplots remained consistent 236 despite the decreased PCs; therefore, we chose to use the scatterplot based on 30 PCs, as the 237 benefit of the DAPC for our purposes is to show that the main patterns remain, despite 238 minimization of within population variation (Jombart et al. 2010) . 239
To assess the effect of isolation by distance (IBD), we used a paired Mantel test based on 240 a distance matrix of Slatkin's transformed F ST (D = F ST /(1 -F ST )) (Slatkin 1995) and a 241 geographic distance matrix for 9,999 permutations in GenAlEx 6.502, and the analysis follows 242 In order to compare the population structure of the nSSR and cpSSR data, we used the ST 258 distance matrix for both datasets and ran an AMOVA. The population pairwise ST matrix 259 facilitates comparison of molecular variance between codominant and dominant data by 260 suppressing within individual variation, thus allowing for the comparison between varying 261 mutation rates (Weir and Cockerham 1984, Excoffier et al. 1992) . To test how much genetic 262 variation could be explained by within populations, between populations, and between regions 263 (genetic clusters identified through STRUCTURE analysis) for both datasets, we ran an 264 AMOVA for 9,999 permutations in GenAlEx 6.502 Smouse 2006, 2012) . 265
266

RESULTS 267
Microsatellite genotyping and genetic diversity 268
We genotyped 313 individuals from 12 locations at 14 nSSR loci (Table 1) . No loci showed 269 evidence for null alleles across all populations, there were no loci with more than 4 populations 270 significantly out of HWE (less than 30% of populations) ( Table 2) (Table 2) , but this could be attributed to our 282 limited area in which to sample. 283
Both cpSSR loci were polymorphic, with 3 alleles per locus for a total of 6 alleles, and 284 the number of alleles per population ranged from 2 -4 with an average of 2.50 ( Table 2 ). All 285 alleles together resulted in 5 haplotypes. There were between 1 -3 haplotypes per population for 286 a haplotype richness ranging from 0.00 -2.00, with a mean of 0.41 per population. Haploid 287 diversity ranged from 0.00 -0.58 with a mean of 0.10 per population. One allele and haplotype 2 288 were both unique to the SB and ZP sampling locations, and another allele and haplotype 4 were 289 both private to five individuals sampled in GM, which occurred in a separate sampling location 290 from the rest of the individuals in GM ( Figure 5 ). 291 292
Genetic structure 293
The nSSR data suggested that there is strong genetic structure among the populations and regions 294 of baby's breath sampled along the dunes of western and northern Michigan (global F ST = 0.228). 295
Pairwise comparisons using the nSSR data among all 12 populations yielded significant F ST 296 values after a FDR correction (Benjamini and Hochberg 1995) (Table 3) (Table 3 ), suggesting that there is some 299 gene flow among these populations. The AMOVA based on the nSSR data also found that a 300 significant amount of the genetic variation could be explained by differences between 301 populations in the northern region (GM, PS, TC) and populations in the southern region (GHB, 302 SBP, DC, DP, EB, PB, SB, ZP, AD) (F CT = 0.144, P < 0.0001), as well as among populations 303 within regions (F SC = 0.097, P < 0.0001). However, the majority of the genetic variance was 304 explained by among population differences (F ST = 0.228, P < 0.0001). 305
The However, five individuals in the GM population (cluster 1) were assigned to cluster 2 312 (assignment probability > 90%), and these individuals were located at a separate sampling 313 location from the rest in GM. In addition, though there is little admixture overall, several 314 individuals in the GM, TC, EB, and AD populations showed a higher proportion of admixture 315 among the two clusters. baby's breath in the Michigan dune system is an opportunity to better understand the genetic 360 structure of invasive species in this system and how the dynamic landscape of these dunes may 361 be shaping it. Our results indicate variation in genetic diversity among populations, as well as 362 strong genetic structure that clusters individuals into two distinct groups. These two groups are 363 separated by a peninsula that could be limiting gene flow between the two groups, causing this 364 genetic separation. 365
We observed moderate levels of nuclear and chloroplast genetic diversity across 366 populations of baby's breath throughout the dune system of Michigan (Table 1) (Figure 4a ), and was also found for the 434 analysis of populations in STRUCTURE cluster 2 (Figure 4c ). However, when examining the 435 IBD relationship within cluster 1 from the STRUCTURE analysis, this positive relationship is 436 not significant (Figure 4b ). We attribute the overall significant relationships found (Figure 4a have an effect that overrides that of geographic distance, particularly on smaller spatial scales 442 such as that observed in Sleeping Bear Dunes. These results further support the strong regional 443 differences between the two clusters identified in the Bayesian analysis (Figure 2) . 444
The tumbleweed mechanism of dispersal that baby's breath employs could be an 445 effective means to disperse seeds, but it is possible that the strong topographical structure, habitat 446 heterogeneity and variable weather patterns within the dunes impact seed dispersal for gene flow 447 more than they impact pollination. Baby's breath has been found to attract a diverse array of 448 pollinator species (Baskett et al. 2011, Emery and Doran 2013) , sometimes at the expense of 449 native plant pollination, while seed dispersal is primarily limited to wind-driven tumbleweeds. 450
The variation in ST values between the two marker types (nSSR ST = 0.355, cpSSR ST = 451 0.736) indicates that barriers to seed dispersal may be more limiting for gene flow than 452 pollination. Darwent (1975) also suggested that though seeds could be dispersed up to 1 km, 453 many of the seeds were released near the parent plant prior to the stems tumbling. This could 454 result in strong population structure due to a lower frequency of migrants. Therefore, the 455 elements of the dune ecosystem could be impacting gene flow through seed dispersal by further 456 limiting the plant's ability to spread throughout the landscape. However, these comparison of 457 cpSSR results to nSSR should be taken with some caution, as we had a limited number of 458 polymorphic cpSSR markers. Though we chose to use microsatellites within the chloroplast 459 genome to increase the likelihood of polymorphism, we still found these regions to be well-460 conserved and with limited variation in our dataset. Therefore, we cannot rule out the 461 possibility of fragment size homoplasy confounding results of low genetic diversity in some 462 populations (Bang and Chung 2015) . The other invasion scenario describes at least two independent introductions to the 507 Michigan coastal dunes (Lombaert et al. 2018) . In this scenario, we would expect strong genetic 508 differentiation between the two or more founding populations. Our data supports this, as we 509 observed both nSSR and cpSSR alleles privately shared only between populations within the 510 same cluster. In addition, for the cpSSR markers, distinct haplotypes were found between the 511 two regions, with haplotype 5 only observed in the Grand Marais, Petoskey State Park, and 512
Traverse City cluster while haplotypes 1, 2, and 4 were only found in the Sleeping Bear Dunes, 513
Zetterberg Preserve, and Arcadia Dunes cluster. There was also a high proportion of nSSR 514 alleles common to both clusters, but this could be the result of limited genetic diversity in the 515 initial source populations (Allendorf and Lundquist 2003) . This scenario is particularly plausible, 516 as the source populations would likely be a type of horticultural strain, given the popularity of The invasion of baby's breath to the Great Lakes has the potential to disrupt the 546 dynamism of the dune landscape and biological community in northwest Michigan, and this 547 threat has led to increased concern over its pervasiveness regionally and nationally. Estimating 548 the genetic structure of invasive populations can lead to a better understanding of the invasion 549 history and the factors influencing the success of an invasion (Crosby et al. 2014 , Piya et al. 550 2014 , Sakata et al. 2015 . Through population level analysis, we found strong genetic structure 551 present that separates the invasion in the Michigan dunes into two main regions. Based on these 552 results, we suggest that the contemporary baby's breath population within the Michigan coastal 553 dune system is the result of at least two separate introduction events. The genetic structure 554 identified for these baby's breath populations probably results from a combination of 555 demographic processes -multiple introductions, bottleneck events, isolation, and admixture, 556 along with landscape level processes. The topography of the dunes is heterogeneous but also 557 constantly shifting, and the baby's breath invasion is one example of how this dynamic system 558 can shape the establishment, gene flow, and spread of invasive plant populations. visualization. Finally, we thank Emma Rice for all her assistance in field data collection and 581
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